The complex interactions between colorectal neoplasia and immune cells in the tumor microenvironment remain to be elucidated. Experimental evidence suggests that microRNA MIR21 (miR-21) suppresses antitumor T-cell-mediated immunity. Thus, we hypothesized that tumor MIR21 expression might be inversely associated with T-cell density in colorectal carcinoma tissue. 
Introduction
Accumulating evidence indicates that innate and adaptive immunity influences tumor evolution (1) . Attesting to an important role of T-cell-mediated adaptive immunity in inhibiting tumor progression, therapeutic antibodies specific for immune checkpoint molecules, including CTLA4, PDCD1 (programmed cell death 1; PD-1), and CD274 (programmed cell death 1 ligand 1; PD-L1), can effectively enhance antitumor T-cell activity in various cancers (2, 3) . Emerging evidence suggests complex roles of tumor genetic alterations and tumor-host interactions in response to T-cell-based immunotherapies (4, 5) . Although these immunotherapies appeared to be less effective for colorectal cancer, intense infiltrates of T cells in colorectal cancer tissue have been associated with better patient survival (6) (7) (8) , and studies have suggested a potential role of immune checkpoint pathways in suppressing antitumor immune responses in a subset of colorectal cancers (9, 10) . A high degree of microsatellite instability (MSI-high) in colorectal cancer is associated with intense infiltrates of T cells, as mismatch repair defects in MSI-high tumors cause numerous frameshift mutations and truncated proteins (neopeptides), which elicit antitumor T-cell-mediated adaptive immunity (11) (12) (13) . However, MSI status is not the sole determinant of immune response to colorectal cancer, because the numbers of tumor-infiltrating T cells considerably overlap between MSI-high and microsatellite-stable (MSS) colorectal tumors (7, 9, 13) . Hence, other factors may influence the antitumor immune response to colorectal cancer. MicroRNAs (miRNA) are short noncoding RNAs (18) (19) (20) (21) (22) (23) (24) nucleotides in length) that play substantial roles in epigenetic gene regulation in diverse biologic and pathologic processes, including immunity and carcinogenesis (14, 15) . Among various miRNAs, MIR21 (miR-21) has been shown to play roles in immunity and colorectal carcinogenesis (16) (17) (18) . In fact, high MIR21 expression in colorectal cancer tissue has been associated with worse clinical outcome, suggesting MIR21 as a prognostic tumor biomarker (19, 20) . MIR21 is expressed in colorectal cancer cells (20, 21) , and MIR21 increases amounts of IL10 and prostaglandin E 2 (PGE 2 ) in the tumor microenvironment in vivo (22) (23) (24) . IL10 and PGE 2 can suppress antitumor T-cell-mediated adaptive immunity through inhibition of the antigen-presenting capacities of dendritic cells and recruitment of myeloid-derived suppressor cells into the tumor microenvironment (25, 26 
Materials and Methods

Study population
We used the databases of two U.S. nationwide prospective cohort studies, the NHS (121,701 women who enrolled in 1976) and the HPFS (51,529 men who enrolled in 1986; refs. 27, 28). Every 2 years, participants were sent follow-up questionnaires to gather information on health and lifestyle factors, and to identify newly diagnosed cancers and other diseases. Medical records were reviewed, and the cause of death was assigned by study physicians. The National Death Index was used to ascertain deaths of study participants and identify unreported lethal colorectal cancer cases. Formalin-fixed paraffin-embedded (FFPE) tissue blocks were collected from hospitals where participants with colorectal cancer had undergone tumor resection. Hematoxylin and eosin-stained tissue sections from all colorectal cancer cases were reviewed by a pathologist (S. Ogino), who was unaware of other data. Tumor differentiation was categorized as well to moderate or poor (>50% vs. 50% glandular area). On the basis of the availability of data on tumor MIR21 expression and Tcell densities, a total of 538 colorectal cancer cases were included. Written informed consent was obtained from all study participants. Tissue collection and analyses were approved by the human subjects committee at the Harvard T.H. Chan School of Public Health and the Brigham and Women's Hospital (Boston, MA).
RNA isolation and quantitative RT-PCR for MIR21
RNA was extracted from colorectal cancer tissue and adjacent nontumor colonic mucosa in whole-tissue sections of FFPE specimens with the use of RecoverAll Total Nucleic Acid Isolation Kit (Ambion Inc.). The quantitative RT-PCR assays for MIR21 and RNU6-2 were performed according to miScript PCR System protocol (Qiagen). Briefly, complementary DNA (cDNA) was synthesized with the use of miScript II RT Kit (Qiagen). Each reaction was performed in a 25-mL solution containing 1Â final concentration QuantiTect SYBR Green PCR Master Mix (Qiagen) and each miScript Primer Assay (Qiagen) specific for MIR21 (cat. MS00009079) and RNU6-2 (cat. MS00033740) in a 96-well optical PCR plate. Amplification and detection of MIR21 and RNU6-2 were performed with the StepOnePlus Real-Time PCR Systems (Applied Biosystems) with the use of the following reaction conditions: 15 minutes at 95 C and 40 cycles of 15 seconds at 94 C, 30 seconds at 55 C, and 30 seconds at 70 C. The cycle threshold (C t ) values in the quantitative RT-PCR for MIR21 and RNU6-2 decreased linearly with the amount of input cDNA using 10-fold dilution series from the same specimen (r 2 > 0.99; Fig. 1A ). The interassay coefficient of variation of C t values from the same specimen in five different batches was 1% for MIR21 and RNU6-2 in our validation study using five colorectal cancers (Table 1) .
Each specimen was analyzed in duplicate for each target in a single batch, and we used the average of the two C t values for each target. The Spearman rank-correlation coefficient between the two C t values (in duplicated runs) was 0.99 in quantitative PCR assays for MIR21 and RNU6-2. The MIR21 expression level in each specimen was calculated as a relative unitless value normalized with RNU6-2 using the 2
ÀDCt method (where DC t ¼ "the average C t value of MIR21" À "the average C t value of RNU6-2") as previously described (29) .
Analyses of MSI, DNA methylation, and KRAS, BRAF, and PIK3CA mutations DNA was extracted from archival colorectal cancer tissue blocks. MSI status was analyzed with the use of 10 microsatellite markers (D2S123, D5S346, D17S250, BAT25, BAT26, BAT40, D18S55, D18S56, D18S67, and D18S487), as previously described (30) . We defined MSI-high as the presence of instability in !30% of the markers, and MSI-low/MSS as instability in <30% of the markers. Methylation analyses of long interspersed nucleotide element-1 (LINE-1; ref. 31, 32) 
Immunohistochemistry and quantification of the density of T cells
We constructed a tissue microarray (TMA) and conducted immunohistochemistry for CD3, CD8, CD45RO (one of the PTPRC protein isoforms), and FOXP3 (7). We used an automated scanning microscope and the Ariol image analysis system (Genetix) to measure densities (cells/mm 2 ) of CD3
and FOXP3
þ T cells in colorectal cancer tissue as previously described (7).
Statistical analysis
All statistical analyses were conducted using SAS (version 9.3, SAS Institute), and all P values were two-sided. Neither MIR21 expression, T-cell density, nor log-transformed values of MIR21 or T-cell density fit a normal distribution with the use of the Kolmogorov-Smirnov test for normality (P 0.048). Thus, we tested our primary hypothesis using a linear trend test in an ordinal logistic regression model to assess associations of tumor MIR21 expression (an ordinal quartile predictor variable as a continuous variable) with the density of CD3 In those secondary analyses, in view of multiple comparisons, we interpreted our data cautiously, in addition to the use of the adjusted a level of 0.012. We performed multivariable ordinal logistic regression analysis to control for potential confounders. The multivariable model initially included age (continuous), sex, year of diagnosis (continuous), family history of colorectal cancer in a first-degree relative (present vs. absent), tumor location (proximal colon vs. distal colon vs. rectum), tumor differentiation (well to moderate vs. poor), MSI (high vs. MSI-low/MSS), CIMP (high vs. low/ negative), KRAS (mutant vs. wild-type), BRAF (mutant vs. wildtype), and PIK3CA (mutant vs. wild-type), and LINE-1 methylation level (continuous). For cases with missing information in any of the covariates, we assigned a separate ("missing") indicator variable. A backward stepwise elimination with a threshold of P ¼ 0.05 was used to select variables in the final models. We assessed the proportional odds assumption in the ordinal logistic regression model, which was generally satisfied (P > 0.05).
All cross-sectional univariable analyses for clinical, pathologic, and molecular associations (with variables listed in Table 2 ) were secondary exploratory analyses, and we adjusted the two-sided a level to 0.003 (¼ 0.05/14) by simple Bonferroni correction for multiple hypothesis testing. To assess associations between the ordinal categories (first to fourth quartile) of tumor MIR21 expression and categorical data, the c 2 test was performed. To compare mean age and mean LINE-1 methylation levels, an ANOVA assuming equal variances was performed.
Results
MIR21 expression in colorectal cancer
To test the hypothesis of an inverse relationship between MIR21 expression and T-cell infiltration in colorectal cancer tissue, we measured MIR21 expression with RT-PCR assays on 538 colorectal cancer cases within the NHS and the HPFS databases. In 54 pairs of colorectal cancer and adjacent nontumor colonic mucosa, MIR21 expression was generally higher in colorectal cancer than in paired adjacent nontumor colonic mucosa (Wilcoxon signed rank test, P < 0.0001; Fig. 1B) . Table 2 shows the clinical, pathologic, and molecular features of the 538 cases according to tumor MIR21 expression. Higher tumor MIR21 expression was associated with BRAF mutation (P ¼ 0.003; with adjusted a level of 0.003 for multiple hypothesis testing).
Association of tumor MIR21 expression with T-cell density in colorectal cancer tissue
We measured the densities of CD3 Table 3 shows a distribution of colorectal cancer cases according to tumor MIR21 expression (quartiles) and the density of T cells in colorectal cancer tissue (quartiles). In our primary hypothesis testing, we conducted univariable and multivariable ordinal logistic regression analyses to assess the associations of tumor MIR21 expression (as an ordinal quartile predictor variable) with the density of CD3
in colorectal cancer tissue (an ordinal quartile outcome variable; Table 4 and Supplementary Table S2 with all covariates). Tumor MIR21 expression was inversely associated with the densities of CD3 þ T cells and CD45RO þ T cells in univariable and Table S3 ). In our exploratory analyses, higher tumor MIR21 expression was significantly associated with higher colorectal cancer-specific mortality (P trend ¼ 0.003), whereas higher CD8 þ T-cell density was significantly associated with lower colorectal cancer-specific mortality (P trend ¼ 0.012; Supplementary Methods and Supplementary Table S4 ).
Discussion
We conducted this study to test the hypothesis that tumor MIR21 expression might be inversely associated with the density of T cells in colorectal cancer tissue in a human population. We demonstrated that miRNA expression analysis, by RT-PCR assay, on FFPE tissue specimens was feasible and robust, in agreement with results from previous studies (19, 20) . Using the database of the 538 colorectal cancer cases in the two U.S. nationwide prospective cohort studies, we found that tumor MIR21 expression was inversely associated with the densities of CD3 þ and CD45RO þ T cells in human colorectal cancer tissue. Our first-line have been associated with better patient survival, indicating a major role of T-cell-mediated adaptive immunity in inhibiting colorectal tumor progression (39) (40) (41) . Therefore, both tumor molecular and immunity analyses are increasingly important in cancer research and clinical practice. miRNAs play substantial roles in carcinogenesis and immunity and are potential biomarkers or therapeutic targets (42) . One possible mechanism of the immunosuppressive effect of MIR21 is based on its ability to suppress the expression of PDCD4, which normally inhibits the translation of IL10 mRNA. Without this suppression, more IL10 is present in the tumor microenvironment (22, 23) , which inhibits the antigen-presenting capacities of dendritic cells (25) . Tumor MIR21 expression has been shown to inversely correlate with tumor PDCD4 expression assessed by immunohistochemistry on human colorectal cancer tissue (43, 44) . Taken together from these findings, it seems to be plausible that MIR21 may suppress antitumor immune responses through increased IL10 in colorectal cancer. In addition, emerging evidence indicates that MIR21 suppresses tumor expression of HPGD [hydroxyprostaglandin dehydrogenase 15-(NAD); or 15-PDGH], which converts PGE 2 to its biologically inactive metabolite (24) . Hence, MIR21 may increase PGE 2 in the tumor microenvironment, which can lead to suppression of antitumor T-cell-mediated adaptive immunity (26) . Our human population-based data, along with these lines of experimental evidence, support the hypothesis that MIR21 suppresses antitumor T-cell-mediated immune response to colorectal cancer, although additional studies are needed to clarify the exact mechanism. miRNA-targeting therapies for human disease, including cancer, are currently being investigated (42, 45, 46) . In light of our findings, it would be intriguing for future research to explore a potential strategy of inhibiting MIR21 and thus its immunosuppressive effect in immunotherapy and prevention for colorectal cancer. Higher tumor MIR21 expression was associated with BRAF mutation in the present study, which has not been examined in colorectal cancer before. Oncogenic mutation of BRAF activates the MAPK signaling pathway (47) . Experimental evidence suggests that activation of the RAF-MAPK signaling pathway may increase MIR21 expression in cancer (48) . Taken together from these findings, BRAF mutation might increase MIR21 expression through activation of the MAPK signaling pathway, although additional experimental studies are needed to test this hypothesis.
One limitation of this study is its cross-sectional nature. Hence, we cannot exclude a possibility of reverse causation. It is possible that the interaction of T cells with tumor cells might cause low expression of MIR21 in tumors. However, our specific hypothesis was based on several lines of experimental evidence, indicating that MIR21 suppresses T-cell-mediated immune response to tumor (22) (23) (24) (25) (26) . Because experimental systems cannot perfectly recapitulate the complexities of human tumors or the immune system, analyses of human population are essential in translational medicine. Another limitation is measurement of MIR21 expression in colorectal cancer tissue, which contains a mixture of neoplastic and nonneoplastic cells, including immune cells. Nonetheless, a number of studies have shown that MIR21 is expressed in neoplastic cells, but not substantially in immune cells (20, 21) . We also recognize the limitations in evaluating T cells in human colorectal cancer tissue. We evaluated the wellcharacterized T-cell markers, such as CD3, CD8, CD45RO, and FOXP3, with the use of TMA immunohistochemistry and computer-assisted image analysis to objectively quantify the T-cell densities in a large number of cases. The favorable prognostic associations of the densities of these T-cell populations in our cohort studies were consistent with the results of previous studies in other populations (6, 8) , suggesting that the density of T cells, as assessed by immunohistochemistry, might be considered a reliable measure of the adaptive immune response to colorectal tumors.
Strengths of this study include the use of our molecular pathological epidemiology database of more than 500 colorectal cancer cases in the two U.S. nationwide, prospective cohort studies, which integrates epidemiologic exposures, clinicopathologic features, key tumor molecular features, and immune reaction status in colorectal cancer tissue (49, 50) . This population-based colorectal cancer database enabled us to rigorously examine the association of tumor MIR21 expression with the density of T cells, controlling for potential confounders. In addition, our colorectal cancer specimens were derived from a large number of hospitals in diverse settings across the United States (but not based on a limited number of hospitals), which increases the generalizability of our findings. As another strength, we used robust laboratory assays, including miRNA analysis and tissue image analysis that could objectively quantify specific T cells in tumor tissue.
In conclusion, tumor MIR21 expression is inversely associated with the densities of CD3 þ and CD45RO þ T cells in colorectal cancer tissue. Our data support a possible role of MIR21 in downregulating antitumor T-cell-mediated adaptive immunity, and suggest MIR21 as a potential target for immunotherapy and immunoprevention in colorectal cancer.
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